Abstract. Atomic force microscopy has been used to study the structure, down to the nanoscale, of thin-film and multilayer samples. Due to the fact that atomic force microscopy is not restricted to conducting surfaces, it is possible to image mesoscopic rings, lines, and more complex structures deposited on insulating substrates. X-ray m a c t i o n provides access to the internal structure of the layers, interface roughness and the lateral periodicity of antidot lattices. Comparison of atomic force microscopy and x-ray diffraction on molecular beam epitaxy grown Nb/Cu multilayers shows that high-angle diffraction averages over a lateral length which is in good sgreement with the typical grain size.
INTRODUCTION
A rapidly increasing number of research topics and applications in science and engineering rely on thin films, superlattice growth, and patterning down to the submicrometer scale. In order to understand the physical properties of such nanostructures, a thorough and detailed structural characterization is required. Scanning probe microscopy is a very p o w e h l tool for studying the su$ace structure of such samples. X-ray diffraction (XRD) techniques allow us to probe the internal structure of the layers and the quality of the interfaces between the different materials in a multilayer. Combining the two techniques, information on the lateral correlation lengths of surface and interface roughness can be obtained.
EXPERIMENTAL RESULTS

Atomic force microscopy
Atomic force microscopy (AFM) has established itself as a very versatile tool within the family of scanning probe microscopy techniques, due to the fact that non-conducting surfaces can be imaged. This is especially important in the study of small samples deposited on insulating substrates. A drawback is that tip-shape effects can be more pronounced and that atomic-scale resolution is harder to achieve than in scanning tunneling microscopy. The AFM experiments shown in this paper were performed with a Digital Instruments NanoScope I11 apparatus, using Si3N4 tips on a cantilever with a 0.12 N/m spring constant. All measurements were carried out in the contact mode.
Figure 1 (a) shows an AFM picture of a mesoscopic A1 loop which was prepared by thermal evaporation of the Al layer in a resist pattern defined by electron beam lithography, followed by a standard lift-off procedure. These superconducting Al loops show interesting new phenomena due to the interaction between transport and shielding currents [I] . Figure 1 @) shows a superconducting Pb/Ge multilayer with a regular array of submicrometer-sized holes ('antidots'), produced in a similar way as the Al loops. The AFM pictures allow to inspect the structures for the presence of weak spots or cracks, which would influence the superconducting behaviour. The AFM characterization is complementary to that by scanning electron microscopy because it provides an independent measure of the linewidths and grain sizes, but it also yields a quantitative measure of the surface roughness.
Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jp4:1996340 
Characterization combining atomic force microscopy and x-ray diffraction
In this part we will present the structural characterization of superconducting thin films in which a regular array of submicrometer-sized holes ('antidots') is created by means of lithographic techniques. It has been shown before that the presence of these antidots leads to a number of new interesting features in the superconducting properties, notably a strong overall increase of the critical current density and additional peaks at those field values where a matching occurs between the flux line lattice and the antidots, where the flux lines are trapped [2] . The specular XRD data (shown in Fig. 2 ) have been analyzed using the Suprex modeling and fitting program [3] , which uses a kinematical structure calculation for the high-angle spectra, while an optical model is used for the low-angle data. Imperfections in the multilayer are included by the introduction of a number of parameters. For crystalline layers, the roughness is included by assuming random variations in the number of monolayers in the crystalline layer. These fluctuations are, therefore, named discrete, i.e., 'quantized' in steps equal to the lattice spacing and are presumed to have a Gaussian distribution. Amorphous layers have a roughness which is modelled as continuously variable fluctuations of the layer thickness, again assumed to have a Gaussian distribution. Furthermore, it is assumed that there can be a fluctuation of the interface distance, i.e., the vertical distance between two dissimilar atoms at the interface between two layers. Suprex can perform simulations, as well as fittings to measured data.
Figure 2 (a) shows the low-angle specular scattering of the [Pb(123 A)/Ge(43 A)]3 film with a square antidot lattice. The lower curve shows the experimental data, while the upper curve is a simulation using the Suprex program. Both the peak positions and the relative peak intensities can be well reproduced. Due to the fact that there are only three bilayers in this sample, the multilayer peaks are not easily distinguishable from the finite-size peaks, but nevertheless a detailed analysis proved to be possible, providing individual Pb and Ge thicknesses of 123 A and 43 respectively. In the simulation an interface roughness of 12 A was assumed, in fair agreement with the roughness measured by AFM on a lateral length scale of a few thousand A. There is evidence for the existence of a thin interdiffised layer near the interfaces with a thickness of 1.5 A for a Pb/Ge interface and 5 A for a GeIPb interface. Figure 2 (b) shows the high-angle spectrum of the sample (lower curve) together with a fit to the data (upper curve). The high-angle spectrum of a Pb/Ge multilayer typically shows an intense peak, flanked by a number of finite-size peaks. The periodicity of these finite-size peaks shows that the spectrum is actually created by the diffraction of a single crystalline layer (with an average thickness of 123 A) and it does not contain any information on the multilayer superstructure. This is due to the fact that thickness fluctuations of the amorphous Ge layer restrict the crystalline coherence length to a single Pb layer [4] . We find 8.5 A (about three monolayers) of discrete layer thickness fluctuations of the Pb layers. This is slightly higher than what was found for a Pb/Ge multilayer without patterning, which was evaporated simultaneously with the patterned one. This analysis shows that the crystalline structure of the Pb layers and the multilayer quality are only slightly affected by introducing the lattice of antidots.
The lateral periodicity of the antidot lattice was investigated by performing o-scans, in which the angle between the detector and the incoming x-ray beam is kept constant, while the sample is rotated about an axis perpendicular to the plane of source and detector. In this configuration, the scattering vector has a fixed magnitude, but is tilted away from the perpendicular direction over an angle o , revealing the ratio of diffise and specular scattering. Figure 3 shows the result of three o-scans performed at the indicated 28 values where the sample was placed in such a way that the antidot lattice is rotated over 45" with respect to the incoming x-ray beam. All spectra in Fig. 3 show a strong central peak, located at the position of the specular scattering, flanked by satellite peaks due to the lateral periodicity. More satellite peaks can be observed at higher 28 values.
From the position of the maxima a lateral periodicity of 1.4 pm can be calculated, which corresponds to a distance d=l pm between the antidots, in agreement with the AFM results.
Roughness in NblCu multilayers studied by XRD and AFM
In section 2.2 we have used the Suprex model to obtain an estimate of the interface roughness for multilayered structures. This roughness can never be expressed by a single number, however, since it is always related to some sampling length measured in the interface or surface plane. A problem associated with determining the roughness from x-ray diffraction measurements is precisely that this lateral length scale is not known. AFM measurements provide the possibility to measure directly the roughness as a function of sampling length, like in similar experiments using scanning tunneling microscopy. A difficulty is that, unless the experiments is performed in situ during growth, only the outer surface of a sample can be probed.
For our study of NbICu multilayers we have combined XRD and AFM measurements to investigate the roughness as a function of the lateral length scale. The number of bilayers (N) in the sample was varied, so that AFM gives also an idea about the internal interfaces, provided there occur no structural changes after the deposition of extra layers. The main purpose was to establish experimentally the lateral length scale over which the x-ray beam averages. NbICu yields excellent multilayers, and the influence of layer thickness fluctuations on the high-angle XRD spectra has already been investigated [3] .
The NbICu multilayer samples were grown at room temperature by molecular beam epitaxy at a pressure of Torr during the evaporation. The evaporation rates were 1 &s for both Nb and Cu, and were controlled using quartz crystal monitors. As substrates sapphire crystals were used, which prior to the evaporation run were annealed at 300 OC. The AFM data are analyzed by averaging the roughness of an area LxL for 15 different, randomly chosen positions on the sample surface in order to minimize the influence of local topographic variations. Figure 5 (b) shows this averaged rms roughness as a finction of sampling length L for the multilayers with N=7, N=20, and N=40. For L < 40 nm this averaged roughness is higher than the roughness measured on the grain top surface, due to the influence of the grain boundaries which create valleys in between adjacent grains. As a reference, the measured rms roughness of the sapphire substrate is also shown and ranges from about 0.15 nm at the shortest scan lengths (an area of 10x10 nm2) to about 0.3 nm at the largest length scales (an area of 4x4 ym2).
For all N the multilayer roughness is considerably larger than the substrate roughness, the enhancement being more pronounced for larger N. From our AFM experiments we also conclude that the rms roughness values for both very small and very large scan sizes are nearly independent of the total film thickness, i.e., the roughness appears to have a noncumulative character. The precise way in which the roughness grows with the scan length is, however, strongly dependent on the total multilayer thickness. The transition from a slow (as for the substrate and the N=7 film) to a very fast (as for the N=40 sample) increase of roughness can be interpreted as a decrease of the lateral correlation length. Fig. 5 shows the low-angle spectrum of the same multilayer, together with a simulation of this spectrum using an optical model and providing a roughness value ~= 0 . 5 nm, i.e., considerably larger than the result obtained from the high-angle spectrum. A more detailed analysis of the low-angle spectra requires subtraction of the diffuse scattering at the specular condition in order to obtain the true specular scattering [ 7 ] . This procedure leads to a higher roughness value, implying that the result q=0.5 nm corresponds to a lower limit for the roughness. It should be noted here that comparable roughness values are obtained from fitting all the spectra of the varous samples. Within the error margin of these fittings (typically about 0.02 nm) the roughness remains independent of the total thickness. We can now compare the roughness values measured directly using the AFM with those obtained from fitting the XRD spectra. It should be stressed here that this comparison is not straightforward, because AFM provides information on the outer surface, while XRD makes an average over all the interfaces buried within the multilayer. There is, however, no obvious reason why in the Nb/Cu system the outer surface would differ significantly from the underlying layers. The AFM surface roughness results are therefore believed to be indicative of the roughness of the interfaces and can be seen as a map which charts this roughness as a knction of the lateral length scale. The high-angle XRD roughness values correspond to the surface roughness obtained from the AFM data for lateral length scales L of about 30 nm, i.e., close to the average grain size found in the AFM topographs. This remarkable agreement was observed in all samples studied. The simulations of the low-angle XRD spectra yielded higher roughness values which, according to the AFM data, agree with a lateral length of about 200 nm for the thinner multilayers. For the thickest multilayer (N=40) this lateral length seems to be smaller, probably due to a loss of coherence in the multilayer stacking, as was also observed in Nb/Si multilayers showing strong columnar growth [7] . As mentioned above, the lateral length scale obtained from the low-angle diffraction data only corresponds to a lower limit, since the removal of the diffuse scattering component can lead to still higher roughness values. This lateral length remains, however, much smaller than the saturation length encountered in the AFM experiments.
The different length scales over which the x-ray beam is averaging for low-angle and high-angle diffraction may be understood as a difference in the crystalline coherence length, i.e., the crystalline volume which is scattering coherently. For high-angle diffraction, which is probing periodicities which are of the order of the interatomic distances, the coherently scattering volume may be limited to the size of a grain. Low-angle diffraction looks at larger periodicities and is, therefore, less sensitive to defects at the atomic scale. The crystalline coherence length can comprise several grains in that case and the roughness over a longer lateral length scale is sampled. This conclusion is very important for the XRD analysis of multilayer structures, because it shows that the roughnesses obtained from high-angle as well as low-angle XRD measurements have a limited lateral validity.
CONCLUSIONS
In conclusion, we have demonstrated the possibilities of scanning probe microscopy in the characterization of the surface of thin films and multilayered structures. X-ray diffraction provides access to the interior of the layers. Combining both techniques, new information can be extracted about lateral roughness correlation lengths and, hence, also about the validity of roughness parameters obtained from the analysis of the x-ray diffraction data.
